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In 1960s,  histological  study  on  developing  CNS  led us to  a  novel  ﬁnding  that  the  periventricular  layer
(“Matrix”  of  W. His)  of  fetal  neocortex  is  composed  solely  of the matrix  cells.  Application  of 3H-thymidine
autoradiography  revealed  “elevator  movement”  of the  matrix  cells.  Following  the  stage  of  pure  matrix
cell proliferation  (Stage  I), stage  of  neuron  production  (Stage  II)  ensues,  and  when  Stage  II is  over,  stage
of gliogenesis  (Stage  III) follows  immediately;  ﬁrst, glioblasts,  then  astrocytes,  oligodendrocytes  and
microglia  differentiate,  in sequence.
As for  the  mechanism  of  the  switching,  recent  progress  in  molecular  research  on  dynamism  of  the
chromatin  and transcription-factors  revealed  the  irreversible  epigenetic  changes  controlling  the  switch.
In Stage  I of  cytogenesis,  axial  ectodermal  cells  escape  from  irreversible  differentiation  into  epidermis,ajor differentiation
witching of neuron–glia production
and  change  into  matrix  cells  composing  the  neural  plate.  In  Stage  II, some  matrix  cells, in which  proneu-
ral  genes  are  activated,  exit  cell  cycle  to become  neurons.  When  Stage  II ends,  the  neural-repressor
REST/NRSBF  is  up regulated  and occupies  RE-1  silencer  region  to  irreversibly  inactivate  neuron-speciﬁc
genes  including  the  type II  Na+ channel,  thereby  matrix  cells  can  now  only  produce  non-excitable  cells,
i.e.,  glial  cells.  This is  the  Stage  III of cytogenesis  of  the  CNS.
©  2014  The  Author.  Published  by Elsevier  Ireland  Ltd. This  is  an  open  access  article  under  the CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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. Cellular composition of the periventricular matrix
Wilhelm His)
In his earlier histological studies of the neural tube (His, 1887,
889), Wilhelm His found that the neural tube was composed
f two kinds of committed progenitors, (1) neuroblast-producing
eimzellen (germinal cells, A in Fig. 1), large rounded cells lying
mmediately beneath the internal surface, frequently showing
itotic chromosomes, and (2) glial precursor cells called spon-
ioblasts (Spongioblasten, B in Fig. 1). According to His, all the
eurons are produced from the actively proliferating germinal cells
hile the neuroglia are derived from the mitotically inert spon-
ioblasts which are elongated bipolar cells developing into the
yncytial myelospongium.
This basic concept of His’ dualistic theory was soon accepted
idely and kept unchallenged among the neuroembryologists up
o 1970s (Levitt et al., 1981). The absolute absence of multipotent
tem cells became a ﬁrm conviction in neuroembryology (Angevine
t al., 1969).
Quite unnoticed by most investigators of neuroembryology, His
1904) himself seemed to have later changed his opinion concern-
ng cellular composition and biological nature of the periventricular
erminal layer. First, in his posthumous work “Die Entwicklung
es Gehirns während der ersten Monate” (His, 1904), he proposed
o call the periventricular layer of the fetal cerebral hemisphere
s “Matrix”, admitting Schaper’s unitary theory (Schaper, 1897) of
he composition of that layer in the human cerebral hemisphere
Fig. 2). Unfortunately this monograph was published in an unﬁn-
shed shape when he died and not circulated so widely as his
revious works.
. Peculiar mitotic pattern in neural tubes of human
mbryos
By close examination, however, on histological sections of cere-
ral hemisphere of human embryo, the presence of unitary neural
tem cells in the CNS was strongly suggested (Fujita, 1960; Fujita
t al., 1960). To my  great surprise, under the microscope, a very
haracteristic mitotic pattern in the neural tube was  found as
hown in Fig. 3. The major ﬁnding can be summarized as follows:
1) So-called germinal cells are present directly beneath the lumi-
al surface showing mitotic chromosomes (M in Fig. 3) as pointed
ut by His. In this M-zone no interphase cell nucleus is found. (2)
etween the mitotic zone (M) and the deep nuclear zone (Intrph in
ig. 1. Germinal cells and spongioblasts (His’ own illustration, 1889). Germinal cells (A,
ube  closure. Right: A slightly more developed neural tube. a indicates neuroblast producFig. 2. Cerebral hemisphere of human fetus of 9-week (His, 1904). In his last work on
histogenesis of the brain, His  called periventricular germinative layer (Innenplatte)
as  “Matrix”.
Fig. 3), an intermediate zone (P&d) exists where only nuclei of the
latter half of telophase (d) and early prophase (P) are to be found.
Once this peculiar mitotic pattern of the neuroepithelium was
noted, the wide distribution of the same pattern among proliferat-
ing tissues soon came into attention. This same mitotic pattern, as
described in (1) and (2) above, was found in all the single-layered
epithelial tissues without distinction of germ layer origin. It is no
doubt that the so-called germinal cells showing mitotic ﬁgures in
these epithelial tissues, likewise the neural tube, were, in fact, not
cells sui generis but the actual cells of the epithelium in mitotic
phase (Fujita, 1960).
3. Elevator movement of the neuroepithelial cell
These observations (Fig. 3) suggested that the “germinal cells”
and the “spongioblasts” are nothing but different phases of just one
kind of epithelial cell, which perform an elevator-like movement
during proliferation. The nuclei of the cells undergo a cyclic change
of position in the neuroepithelial cell layer (Fujita, 1960).
Schaper and Sauer had observed the same pattern and sug-
gested similar interpretations (Sauer, 1935; Schaper, 1894, 1897).
However, the ﬁndings of Schaper and Sauer went neglected for a
long time, since the concept of cell cycle had remained virtually
unknown among the biologists until the end of 1950s.
Application of 3H-thymidine conﬁrmed the intermitotic change
of the epithelial cells in the neural tube, as shown in Fig. 4. So
 Keimzellen) and spongioblasts (B). Left: Wall of neural tube at the time of neural
ed from the germinal cells (A).
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Fig. 3. Mitotic pattern of neuroepithelial cells in the human cerebral hemisphere. (A) Wall of the cerebral hemisphere of 6-week human embryo. M,  mitotic zone; P&d,
intermediate zone; Intrph,  deep nuclear zone composed of interphase nuclei; d, nuclei of daughter cells; P, prophase nuclei; M,  mitotic ﬁgures (so-called His’ Keimzellen) (Fujita,
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A960). (B) Proposed mechanism of the interkinetic movement; cyclic changes of the
ells  (Fujita et al., 1960).
 dubbed this movement of the neuroepithelial cells as “elevator
ovement” (Fujita, 1962, 1963).
What is the mechanism of the elevator movement? It was  only
peculated at that time (Fujita, 1960; Fujita et al., 1960), that “the
igration of the epithelial cell to the luminal surface during mito-
is must be associated with the cytoplasmic changes resulting in
issociation which rounds off the mitotic cell, releasing it from
he adjacent cells except for the terminal bars” (Fig. 3B), although
he morphological dissociation of cell membranes could not be
bserved even by electron microscopy.
. Homogeneity of the neuroepithelial cell population in
he early neural tube
If 3H-thymidine is continuously available, it produces an effect
f cumulative labeling. The labeling index of the neuroepithelial
ells in the earliest Stage of development increased linearly and
oon reached 100% (Fig. 5A and B), thereby indicating that the neu-
al tube was composed solely of proliferating neuroepithelial cells
nd no other kinds of cells were intermingled with them as far as
he early neural tube was concerned (Fujita, 1962, 1963), although
he shape and location of the epithelial cells change so dramatically
uring the cell cycle creating apparent difference.
Such homogeneous neuroepithelial cells had never been
escribed up to that time. Therefore, for simplicity sake, a spe-
iﬁc name for them was obviously necessary. “Germinal cells” or
ig. 4. Elevator movement is visualized by 3H-thymidine autoradiography of neuroepith
nly  nuclei situated in the S-zone (S) are labeled. (B) 2 h later, G2 cell nuclei in I-zone (I) 
H-thymidine. (D) Up to 8 h, in case of day 4 chick embryo, labeling index increases lin
ovement of all the neuroepithelial cells. So we call them “matrix cells”. In older embry
uring  the development.
dapted from Fujita (1962, 1963).embrane adhesion might produce “an elevator-like movement” of neuroepithelial
“spongioblasts” could not be used, and the name of “neuroepithe-
lial cell” was not adequate since it included ependymal cells and
choroid plexus epithelium together with the primitive neuroep-
ithelial cells. So, the name of “matrix cell” was  coined for them
(Fujita, 1962, 1963), meaning sole components of the “Matrix” layer
in the early neural tube. The matrix cells are, without doubt, mul-
tipotent stem cells of the CNS, since they are proliferating cells
to produce all the neurons and glial cells of the CNS as develop-
ment proceeds. The adoption of this naming made description of
the cytogenesis of the CNS simpler and more precise.
5. Molecular mechanism of the elevator movement
To understand the mechanism of the elevator movement of the
neuroepithelial stem cells, it is essential to understand the molec-
ular mechanism of epithelial cells that assures their morphological
property of single-layered cylindrical epithelium. Cell-to-cell as
well as cell-to-connective tissue adhesions are particularly impor-
tant. Common to all the single-layered cylindrical epithelia in
various organs, cell membrane adhesion apparatuses like tight
junctions, adherent junctions, desmosomes, and adhesions to
extracellular matrix (ECM) are present (Fig. 6A) at adherent sites to
the neighboring cells and to ECM, and play important roles in keep-
ing the elongated epithelial morphology of the interphase cells.
Molecular analysis reveals that adherent junctions are cell-to-
cell adhesion sites where classic cadherins gather as cell adhesion
elial cells in chick optic tectum. (A) Immediately after injection of 3H-thymidine,
become labeled. (C) At 3 h of cumulative labeling, most mitotic ﬁgures incorporate
early and reaches 100%, thereby revealing homogeneity and interkinetic elevator
os, it takes longer to reach 100% labeling, reﬂecting the elongation of the cell cycle
6 S. Fujita / Neuroscience Research 86 (2014) 3–13
Fig. 5. Cumulative labeling with 3H-thymidine at the incipient Stage II. (A) Chick embryo at day 4 of incubation is labeled with 3H-thymidine for 8 h. All the cell nuclei in
the  matrix cell layer now become labeled after a linear increase of the labeling index. Note that the ﬁrst neuroblast (arrow) appearing in the mantle layer is devoid of the
label  notifying the very beginning of Stage II of cytogenesis (stage of neuronogenesis). (B) Increase of the labeling index in matrix cell layer of 6th day chick embryo plotted
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cgainst  time (t) of 3H-thymidine labeling (Fujita, 1963). The increase in labeling ind
he  matrix layer even in Stage II.olecules and where the actin-based cytoskeleton and several
ytoplasmic factors are assembled (Takeichi, 1977). It is now
idely accepted that intracytoplasmic regions of cadherins are
irectly bound to -catenin, which in turn binds to -catenin,
ig. 6. Molecular organization of cell-to-cell and cell-to–ECM adhesions of matrix cells. A
tem  cells in the vertebrate CNS that keep their epithelial morphology by 3 kinds of adh
CM.  The integrin which links the cell membrane with ECM is a heterodimer composed o
as  been shown to be essential, but the exact type of its partner (shown here 3 as a p
heckerboard), dystroglycan is an odd member. It is produced by matrix cells and secrete
etween the rest of the molecule, -dystroglycan and the ECM to initiate basement mem
inases;  PTP, protein tyrosine phosphatases; TEN, tenascin; VN, vitronection. (B) Molec
-catenin is phosphorylated (Ph--catenin) and liberated from N-cadherin and N-caten
omponents dissociate, thereby disrupting cell to cell adhesion. Simultaneously, but somehe matrix cell layer is linear, thereby indicating homogeneity of the matrix cells in-catenin (-N-catenin) then binds to actin (Imamura et al., 1999).
These chain formations of extracellular cadherins with intracellular
catenins are particularly important molecular events to establish
and maintain cell adhesion. When -catenin is phosphorylated
dapted from Fujita and Yasuda (2003). (A) Matrix cells are single-layered epithelial
esion apparatuses; junctional complexes, adherent junctions and adhesions with
f 2 subunits,  and , which comprise several subtypes. In matrix cells, V integrin
ossibility) is not speciﬁed. Among the various ECM molecules (represented by a
d from them. Thereafter, one moiety of the molecule, -dystroglycan forms a link
brane assembly. IF, intermediate ﬁlament; FN, ﬁbronection; PTK, protein tyrosine
ular changes in the adhesion system occur at the time of mitosis. During mitosis,
in. As the result, complexes of the N-cadherin–catenin–actin are disrupted and the
times lagging behind in time, release of the integrin adhesion with ECM takes place.
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Fig. 7. Autoradiographic determination of birth dates of neurons. (A) Cumulative labeling (realized by repeated injections or by injection in ovo). As 3H-thymidine is available
for  a long period of time after commencement of the injection (3HTDN), all the neurons produced thereafter are heavily labeled while earlier neurons remain free from the
label.  (B) Pulse labeling (single injection in pregnant or postnatal animals). The label is diluted by subsequent mitoses of the labeled matrix cells, the heaviest labeling is
found  in the neurons produced by the ﬁrst division of the matrix cell, and the label in those produced by subsequent mitoses is diluted half by half until it is not recognizable.
In  both cases, by changing the timing of 3H-thymidine injection, the birth dates of neurons from matrix cells can be analyzed in detail. 3H-thymidine once distributed in the
neuroblasts or neurons is expected to remain undiluted until their death so that the label in DNA serves as an excellent marker of their birth dates. This method (Fujita, 1964)
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mf  neuronal birth date determination is based on the fact that neurons once differen
t tyrosine 654 (Castano et al., 2002; Piedra et al., 2001), it loses
he binding afﬁnity to cadherin and -catenin, and the homophilic
ntercellular binding afﬁnity of the cadherin is totally lost (Hirano
t al., 1992). This is a key reaction to regulate cadherin interactions
etween adjacent cells in a completely reversible fashion.
The junctional complex (double-head arrow in Fig. 6) is a piv-
tal cell-to-cell adhesion apparatus composed of tight junction,
dherent junction and desmosome. This complex is the most stable
dherent apparatus that resists strong mechanical shearing forces.
nother important characteristics of the junctional complex is that
t persists during mitosis (Fig. 6B) while other adherent apparatuses
ppear to be lost transiently during the mitotic phase (Fujita and
ujita, 1963).
Epithelial cells are ﬁrmly attached to the basement membrane.
aminin in the basement membrane binds to epithelial basal sur-
ace receptors such as - and -integrins (Fig. 6A). Like cadherins
hat bind lateral cell membranes together, the binding afﬁnity of
ntegrins to the basement membrane is regulated by conforma-
ional changes of the integrin caused by multi-protein complexes
ound to the intracytoplasmic region of the integrin (Xiong et al.,
001).
Adhesion apparatuses of N-cadherin–catenin–actin complexes
re dissociated during mitosis, releasing the intercellular adhesion
rom the neighboring cells. Simultaneously, the release of adhesion
f the integrin systems takes place, with a little bit delay, and the
itotic matrix cells are rounded off and inevitably attracted toward
he junctional complexes on the ventricular surface (Fig. 6B). The
ounding off of the protoplasm of cell body creates driving force
or the mitotic cell to move toward the surface of the epithelium
here junctional complex persists. This functional dissociation of
he mitotic cell from the adjacent interphase cells is evidenced by
he lack of intracytoplasmic NICD protein in the mitotic cell. Pres-
nce of NICD (Notch Intracytoplasmic Domain) is a deﬁnitive sign of
ell surface adjoining that activates Notch signals (Tokunaga et al.,
004).
After division, the daughter cells recover the N-cadherin–-
atenin–-catenin–actin complexes and resume their downward
levator movement, re-establishing contact of their peripheral pro-
esses with neighboring cell surfaces (Fujita and Yasuda, 2003).
kamoto et al. conﬁrmed the importance of cell surface contact, by
heir molecular studies on cell-membrane-associated protein TAG-
, for the elongation of peripheral process and downward elevator
ovement of the matrix cell (Okamoto et al., 2013). from matrix cells do not synthesize DNA as conﬁrmed by Fujita (1974).
6. Incapability of DNA replication and birth-dating of
neurons
The conclusion from the autoradiographic ﬁnding that neurons
once differentiated from matrix cells do not synthesize DNA (Fujita,
1963, 1964) had met  with strong criticism. The unanimous obser-
vations of more than 20 papers by Feulgen cytophotometry so far
published from all over the world did conclude that neurons do syn-
thesize DNA (Brodskij and Kusc, 1962; Lapham, 1968; Mendelsohn,
1966; Müller, 1962; Sandritter et al., 1967 and many others). They
all contended that 3H-thymidine autoradiography was  not reliable.
This point, however, was  crucial: if neurons continued to syn-
thesize DNA and 3H-thymidine autoradiography failed to reveal
this fact, it was clear that autoradiographic evidence to support
the “matrix cell theory” did not hold, and that the theoretical basis
of the birth date analysis of neurons by 3H-thymidine autoradiog-
raphy as shown in Fig. 7 would also be totally lost. I was  forced to
challenge the worldwide conclusion of cytophotometry of neuronal
DNA-synthesis.
After 6 years of research on the methodology, I found that all the
previous investigators of absorbance cytophotometry had failed to
recognize the presence of non-speciﬁc light loss due to a random
scatter of light when it passed through the neuronal soma very
rich in protoplasm (Fujita, 1974). Subtraction of the nonspeciﬁc
light loss from the total absorbance of the “speciﬁc” wavelength
(550 nm)  gave constant value of 2n of neuronal DNA  content irre-
spective of the size, kind or age of any neurons. As this ﬁnding
was also conﬁrmed by ﬂuorescent measurement of DNA content
(cytoﬂuorometry), I reported the results in a paper entitled “DNA
constancy of neurons of the human cerebellum and spinal cord”
in 1974. Thereafter, no paper ever appeared to claim DNA syn-
thesis in neuroblasts or neurons. I was thus able to conﬁrm that
3H-thymidine autoradiography had indeed revealed the true aspect
of DNA synthesis of cells in developing embryos.
Changing the timing of 3H-thymidine injection, the birth-dates
of various neurons can be analyzed in detail. Application of the
method revealed that temporal and local production of various
types of neurons and their migration pattern to ﬁnal destination
are irreversibly determined at the time of birth. Besides individ-
ual neuronal birth-dating, the same technique has revealed that, in
respective location, at ﬁrst only matrix cells proliferate, and then,
neuron production begins, and only after complete cessation of
the neuron production, the neuroglial cells are produced. These
8 S. Fujita / Neuroscience Research 86 (2014) 3–13
Fig. 8. Dualistic concept and the matrix cell theory on cytogenesis of the CNS. (A) Dualistic concept (Traditional view). Precursors of neuroglia (spongioblasts or radial glia)
are  differentiated early in development. Neurons are produced solely from germinal cells (syn. ventricular cells) located immediately beneath the ventricular surface. (B)
Matrix cell theory (Fujita, 1963, 1967) based on ﬁndings by 3H-thymidine autoradiography. The course of cytogenesis in the CNS is divided into 3 consecutive stages. Stage I,
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ture  matrix cell proliferation expanding size of stem cell population; in Stage II, m
f  gliogenesis), matrix cells change into ependymoglioblasts which are soon differe
irth  to astrocytes, oligodendrocytes and microglia, in sequence.
tages (Fig. 8) are called Stage I (stage of pure matrix cell produc-
ion), Stage II (stage of neuronogenesis) and Stage III (stage of glial
ifferentiation), respectively (Fujita, 1963, 1964, 1965a, 1967).
. Genesis of glial cells does not overlap with that of
eurons
Several investigators (Antanitus et al., 1976; Choi, 1986; Levitt
t al., 1981) began to report strong reactions of anti-GFAP antisera
n some cells in the matrix cell layer in the cerebral hemisphere at
n early stage of development, and claimed that neuroglial differen-
iation proceeds parallel with the production of neurons. They gave
 name of “radial glia” to them, and this concept and nomenclature
pread rapidly among neuroembryologists. This claim, however, of
he presence of a GFAP-positive second population in the matrix
ell layer contradicts our own observations.
We  re-investigated using mouse, rat, bovine and human fetal
rains by applying immunohistochemical staining, chemical anal-
sis with SDS-PAGE, and immunoblotting to detect occurrence of
FAP (Fujita, 1986, 2003; Weir et al., 1984), together with detec-
ion of GFAP-encoded mRNA by in situ hybridization and Northern
lotting (Fujita, 2003). We  came to the conclusion that GFAP and
ts mRNA are not present in Stages I and II matrix cells, at least not
t a level detectable using the current techniques. Using probes for
FAP-mRNA, Lewis and Cowan (1985) reported similar observa-
ions in the mouse (Lewis and Cowan, 1985) and Capetanaki et al.
1984) in chick brains (Capetanaki et al., 1984). These authors did
ot detect any positive signal throughout Stages I and II of cytogen-
sis, but a strongly positive signal appeared when Stage III began in
hose regions. Recent examination by Western blotting and RT-PCR
n human fetal brains came to the same conclusion. These results
onﬁrmed that the occurrence of GFAP-encoded mRNA parallels
he appearance of GFAP molecules in the developing CNS, and that
he GFAP-encoded mRNA never becomes detectable during Stages I
nd II of cytogenesis (Fujita, 1986, 2003). Thus it is safe to conclude
hat, from the morphological, histochemical, and kinetic points ofells begin to produce neuroblasts (stage of neuronogenesis); and in Stage III (stage
d into ependymal cells and glioblasts. The gliobasts, the neuroglial stem cells, give
view, during Stages I and II, the matrix cell layer was composed of
a basically homogeneous population of stem cells, though some
outward-migrating neuroblasts may  occur transiently intermin-
gled among them.
This conclusion of the homogeneity of the matrix cell layer was
important to analyze cell proliferation kinetics in various parts
of the brain, because to calculate cell cycle parameters, by 3H-
thymidine autoradiography or BrdU immunohistochemistry, the
assumption of the homogeneity of object population was  essential
(Fujita, 1962, 1990).
8. Sequential production of neurons and glia from matrix
cells
Starting the labeling of 3H-thymidine at various times after
Stage I was over, it was found that neurons were derived from
matrix cells, migrated peripherally to the mantle and marginal lay-
ers and were characterized by an absolute lack of 3H-thymidine
incorporation.
With further development of the neural tube, injected 3H-
thymidine could no longer be incorporated in any neuroblasts
or neurons thereby revealing that neuron production had ceased
there (Fujita, 1964, 1965a, 1967). Immediately following this time
period, scattered (i.e., freely migrating) small cells continuing DNA
synthesis appeared in the mantle and marginal layers, thereby
revealing their potential of active migration. They could be iden-
tiﬁed without doubt as progenitors of neuroglia (called glioblasts),
since all the neurons now had absolutely ceased DNA synthesis
(Fujita, 1965a). At Stage III of cytogenesis (stage of glial differen-
tiation), 3H-thymidine autoradiography revealed that the matrix
cells, at the end of Stage II, switch to neuroglial differentiation, and
metamorphose into ependymoglioblasts, committed glial progeni-
tors but morphologically indistinguishable from the matrix cells.
The ependymoglioblasts are then rapidly differentiated into the
ependymal cells and the glioblasts (glial stem cells) (Fujita, 1971).
The glioblasts then differentiate astrocytes, oligodendrocytes and
S. Fujita / Neuroscience Research 86 (2014) 3–13 9
Fig. 9. Major differentiation: A model showing changes in chromosomal organization and DNA synthesis in relation to major differentiation (adapted from Fujita, 1965b,
1986). On the left side of the ﬁgure, chromosomal changes during development are illustrated. In an undifferentiated cell (top), all the replicons composing the chromosome
are  not irreversibly inactivated, although only a few of them are actively transcribing mRNA (dotted segments). All the replicons, as shown in the ﬁgure at the top right, are
early  replicating (E) and the rate of DNA synthesis (R) is expected to form a simple pulse-shaped curve. The absolute length of the S-phase should be short. While major
differentiation proceeds, many replicons are irreversibly inactivated as shown in the condensed state in this diagram (left). They become late replicating (L) and make the
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In 1990–1992, remarkable repressor protein that speciﬁcally
suppresses neuron speciﬁc genes (Fig. 10) was found by 2
Fig. 10. NRSBF (=REST) binds to Repressor Element-1 of DNA to regulate promoters
of  its target neural-speciﬁc genes. NRSBF [Neuron-Restrictive Silencer Binding Fac-urve  of the rate of DNA synthesis complicated (right, below). The length of the S
nactivation of genes is the genetic basis of determination of cell differentiation, a
odulation of the cell.
nally the microglia, sequentially. We  regarded the microglia as
he quiescent form of the glioblasts (Fujita, 1971; Fujita et al.,
978; Fujita and Kitamura, 1981; Kitamura et al., 1984; Miyake
t al., 1984) and found that the microglia, or at least a subpopu-
ation of the microglia, serve as glial stem cells in the adult brain
hen it is injured (Fujita and Kitamura, 1981). In contrast, the brain
acrophages are derived from circulating blood monocytes (Fujita
nd Kitamura, 1975, 1976, 1981; Fujita et al., 1978).
This “matrix cell theory” of cytogenesis of the CNS was adopted,
n 1968, replacing the thitherto widely accepted histogenetic
cheme of Bailey and Cushing (1926), in Bloom–Fawcett’s Text-
ook of Histology, pp. 344–347 (Bloom and Fawcett, 1968), with
y illustration of the elevator movement.
. Progression of the matrix cell differentiation and the
ajor differentiation hypothesis
It is generally believed that vertebrate development, viewed at
he cellular level, proceeds by sequential steps in which potencies
f progenitor cells become progressively and irreversibly restricted.
his type of differentiation has been dubbed “major differenti-
tion” (Fujita, 1965b), in contrast to the minor differentiation,
the reversible expression and repression of genes”. Perhaps the
implest way to explain the mechanism by which cell potencies
re restricted is to assume (Fig. 9) a progressive accumulation of
rreversibly inactivated functional subunits (i.e., replicons) of chro-
osomal DNA as was proposed (Fujita, 1965b).
It has been pointed out that the DNA portions that are
rreversibly inactivated are characterized by four extraordinary
eatures (Caplan and Ordahl, 1978; Fujita, 1965b; Goldman et al.,
984): (i) incapability of RNA synthesis, (ii) shortened and con-
ensed structure even in the interphase, (iii) replication occurring
ate in the S-phase, and (iv) the acquired feature of the inactivated
NA inheritable, unchanged by the daughter cells through subse-
uent mitoses. This hypothesis was proposed more than 50 years
go but direct evidence to support it has been lacking for a longe also becomes longer with additional late replicating segments. The irreversible
ersible on and off switching of potentially active genes corresponds to functional
time. The results of the experiments of Caplan and Ordahl (1978)
and Goldman et al. (1984), however, have provided strong evi-
dence, though circumstantial, supporting this major differentiation
hypothesis.
Those replicons that have escaped irreversible inactivation can
be switched on and off in response to extra- and intracellular sig-
nals. This phenomenon corresponds to environmental modulation
of genetic functions, which is designated as “minor differentiation”
(Fujita, 1965b).
10. Molecular mechanism that realizes the majortor (Mori et al., 1990)] = REST [Repressor Element-1 Silencing Transcription Factor
(Kraner et al., 1991; Chong et al., 1995)] binds to NRSBE [Neuron Restrictive Silencer
Binding Element = RE-1 (Repressor Element 1)] to control promoters of the neural
target genes. Its consensus code is TTCAGCACCATGGACAGCGGCC.
Adapted from Fujita (2010).
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Fig. 11. Binding of REST to RE-1 regulates transcription of target genes via repression of their promoter (adapted from Fujita, 2010). REST binds speciﬁcally to RE-1 (Repressor
Element  1) in chromosomal DNA, and recruits various co-repressors. (A) In an undifferentiated cell, like matrix cell, the repression of target genes is reversible. That is called
bivalent, i.e., target genes tend to be dormant but can be expressed on demand. Few co-repressors other than CoREST and Sin3A are recruited. (B) But, in terminally
differentiated non-neural cells, REST recruits many more (+) co-repressors that strongly modify histones (by methylation and deacetylation) and DNA (by methylation) to
repress transcription of its target neural genes. The repression ultimately proceeds to irreversible levels, so that the essential neural genes are stably inactivated. The cell and
its  progeny are now unable to become neurons. Representative co-repressors are shown; histone deacetylases (HDACs), Sin3A (bridging protein of REST and HDACs), several
types  of histone methyltransferases (H3K9 MT called Suv39H1/2, G9a, H4K20MT), demethylases (H3K4DMT, called LSD1, H3K36DMT), DNA methyltransferases (DNMT1∼3),
MeCP2 (methylCpG binding protein), Heterochromatin Protein-1(HP1), etc. The target genes of REST comprise many neuron-essential genes, as shown in the bottom of
this  ﬁgure. The stable repression of them by REST makes the cell unable to differentiate into neural cells, particularly, into neurons. When neural induction begins, REST is
u he ne
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abiquitously induced by bursting transcription of BMP  proteins, and only cells in t
he  help of antagonists (Noggin, Chordin, Follistatin, Activin, etc.) secreted from th
xtraneural ectodermal cells become epidermis irreversibly. When a new burst of 
ecome non-neuronal cells, i.e., glial cells as the result of the major differentiation 
ndependent groups (Kraner et al., 1991, 1992; Maue et al., 1990;
ori et al., 1990, 1992; Otto et al., 2007; Schoenherr et al., 1996;
u et al., 2004), and it was named NRSBF (Neuron-Restrictive
ilencer Binding Factor) and REST (Repressor Element-1 Silenc-
ng Transcription Factor), respectively. They are synonyms, though,
ndicating the same protein, and, for simplicity for pronunciation
nd ease of spelling, I call it REST hereafter.ural plate can escape from the irreversible differentiation into non-neural fate, by
l structures (notochord, etc.). Immediately before the neurogenesis begins, other
takes place in the neural tissues at the end of Stage II, the matrix cells irreversibly
d by REST and its co-repressors.
REST protein contains 3 functional domains (Fig. 10); a DNA
binding domain, and 2 repressor domains at the N- and C-terminals
of the protein as indicated in Fig. 10. These repressor domains
recruit co-repressors such as CoREST (Andres et al., 1999; Sun et al.,
2005; You et al., 2001), Sin3A (linker protein that bridges REST and
HDACs, Huang et al., 1999; Nomura et al., 2005), histone deacety-
lases (HDACs) (Roopra et al., 2000), histone methyltransferases
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Fig. 12. Schematic diagram showing progression of irreversible differentiation
(major differentiation) of matrix cells during development of the CNS. The state
of  major differentiation of matrix cell population is progressively changing (from
Mxl  to Mx8). From each state of major differentiation, speciﬁc neuroblasts (Nl–N6)
are  produced. Their speciﬁc states of differentiation are predetermined by those of
their immediate precursors, i.e., of the matrix cells. What determines the transition
from matrix cells to neurons may be a common inactivation of one replicon that
contains genes essential (either directly or indirectly) for DNA replication. Sizes and
shapes of the frames of differentiating cells in this ﬁgure represent the potency of
cells at their respective Stages of major differentiation. I, II, III correspond to Stages
of  cytogenesis. Abbreviations: Epgb, ependymoglioblast; Ep, ependymal cell; Gb,S. Fujita / Neuroscienc
G9a, SUV39H1) (Roopra et al., 2004), histone demethylase (LSD1)
Lee et al., 2006), methyl-CpG binding protein (MeCP2) (Jones et al.,
998), Heterochromatin Protein-1 (HP1) (Richards and Elgin, 2002),
tc. to inactivate promoters of neural-speciﬁc genes (Fig. 11).
When enough co-repressors accumulate and modulate struc-
ure of the chromatin (Fig. 11B), the target gene promoter becomes
ondensed and the transcription is then repressed irreversibly. This
s the molecular mechanism of the major differentiation in the
on-neural cells that are now unable to synthesize neural-speciﬁc
roteins (Akazawa et al., 1992).
1. Major differentiation continues to proceed in matrix
ells
In the analysis of the elevator movement of matrix cells in
arious species of animals, an unmistakable tendency of steady
longation of cell cycle and DNA synthetic times during develop-
ent was found (Fujita, 1962; Hoshino et al., 1973). This tendency
as been observed in all animals so far studied. Besides matrix
ells of neuroectodermal origin, chick erythroblasts (Holtzer et al.,
977), endodermal cells in the frog Xenopus laevis, cells of blas-
omeres of the sea urchin embryo (Dan et al., 1980), the ectodermal
ells of Cynops pyrrhogaster (Yamazaki and Kato, 1980; Yamazaki-
amamoto et al., 1984), etc. have been reported to show the same
endency. According to the hypothesis of major differentiation
Fujita, 1965b), the length of the S-phase is expected to become
onger in differentiated cells in comparison with that of their undif-
erentiated precursors, as illustrated in Fig. 9.
In the beginning of the vertebrate ontogenesis, none of the
eplicons in the zygote are irreversibly inactivated; the cell is
ccordingly in its fully totipotent state. DNA replicons in the cell
egin to synthesize their DNA synchronously at the onset of the S-
hase, at a uniform velocity so that the overall rate of DNA synthesis
f the cell shows a simple pulse-shaped curve (Fig. 9, above right).
he length of the S-phase is expected to be short. As the cell pro-
resses by steps of major differentiation (Fig. 9, left), irreversibly
nactivated replicons increase in number and the S-phase becomes
onger (Fig. 9, below right). The curve of the overall rate of DNA
ynthesis is now expected to have multiple peaks as shown in the
iagram in Fig. 9(right). The tendency toward steady elongation of
he
S-phase in matrix cells of developing vertebrate embryos (Fujita,
962; Hoshino et al., 1973) seems to support the notion that matrix
ells steadily progress by smaller steps of major differentiation as
evelopment proceeds.
2. Major differentiation controls formation of speciﬁc
eurons at Stage II
If one assumes the above hypothesis that irreversible inactiva-
ions of genes determine the fate of the cell while the matrix cells
re actively proliferating, and that the type of cell differentiation is
etermined by a speciﬁc combination of irreversibly inactivated
eplicons, one can understand the characteristics of matrix cell
ifferentiation and temporally- and locally-speciﬁc neuron produc-
ions as follows (Fig. 12).
Although matrix cells keep their epithelial morphology
nchanged from the very beginning of the neural plate formation
o the end of Stage II of cytogenesis, they change their state of
ajor differentiation steadily as development proceeds. When they
epeat mitoses and enter into G1 phase, irreversibly inactivated
eplicons increase in number and the cell accumulates the steps
f major differentiation. The combinations of the inactivated repli-
ons and their distribution patterns are supposed to be different in
ifferent cells determining their different fates; two  daughter cellsglioblast; As, astrocyte; Ol, oligodendrocyte.
Adapted from Fujita (1997).
born from the same matrix cell inherit the same pattern of inac-
tivated replicons but can acquire new inactivations on different
additional replicons forming different subclones in terms of major
differentiation.
Fig. 12 depicts one branch of the matrix cell subclones. Frames
Mxl  to Mx8  represent the magnitudes of differentiation potencies
of matrix cells at given stages of major differentiation. When major
differentiation reaches a certain level, matrix cells can differentiate
neuroblasts (commencement of Stage II); Proneural genes, Neuro-
genin 1/2 and Mash 1 are activated in some matrix cells (Farah et al.,
2000; Ma  et al., 1996) and suppress G1 cyclins together with Cyclin-
Dependent-Kinases irreversibly (Kawaguchi et al., 2008), and make
those cells exit cell cycle (Lukaszewicz et al., 2005; Polyak et al.,
1994; Sherr and Roberts, 2004). Neuroblast differentiation in the
vertebrate CNS is, thus, characterized by absolute repression of DNA
replication. It is possible that neuroblast differentiation from matrix
cells may  be determined by an irreversible switching off of a gene
or genes (or replicons) directly or indirectly related to DNA duplica-
tion and cell cycle progression. It has been proposed (Fujita, 1986)
that the differentiation of all neurons is commonly determined by
one additional inactivation of this kind of replicon in the genome
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f the matrix cells at a certain stage of major differentiation (cf.
x3  through Mx8  to N1 through N6, respectively, in Fig. 12). If
ne can assume this mechanism, it is easily understood why  highly
pecialized neurons in the CNS are produced at given times and
laces during Stage II of cytogenesis, and why their principal fates
re irreversibly ﬁxed at their birth dates.
3. Switching from neuron production to glial cell
ifferentiation
The switching from Stage II to Stage III of cytogenesis can be
xplained also in a simple way. Namely, if major differentiation
f matrix cells progresses and the neuron-essential genes, i.e., tar-
ets genes of REST, are irreversibly inactivated in a matrix cell, by
rm binding of the REST and its powerful co-repressors to its target
ene enhancers/promoters, the matrix cell can no longer produce
eurons. What the matrix cell can differentiate is nothing else but
on-neuronal cell, i.e., neuroglial cell. These irreversible inactiva-
ions of neuron-speciﬁc genes are triggered by dramatic activation
f REST due to sudden burst of BMP2/4 (Bone Morphogenetic Pro-
ein 2 and 4) by their autoregulatory transcription at the end of
tage II (Gross et al., 1996; Kohyama et al., 2010; Lunyak et al.,
002; Mizutani and Bier, 2009; Takizawa et al., 2001), together with
imultaneous activation of Sox9 and NFI (Nakashima et al., 2001;
cott et al., 2010).
The progressive gene inactivation model or the major differen-
iation hypothesis can explain the sequential occurrence of Stages
, II and III, and the production of speciﬁc cells in speciﬁc stages of
he development of the vertebrate CNS. Not only would it explain
he cytogenesis but also it would enable us to analyze concrete
enetic mechanisms of cellular differentiation in the developing
NS in molecular terms: When, where and what kind of speciﬁc
enes or transcription factors (or certain replicons) are irreversibly
nactivated (possibly by different combination of repressors) to
etermine the fates of various kinds of neurons or neuroglia, may
e analyzed based on this hypothesis. An extremely complicated
attern of cell-differentiation in CNS, as it would appear at ﬁrst
lance, might turn out to be the result of simpler hierarchical stable
epressions of certain classes of essential genes or replicons.
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